The Preisach model is a classical method for describing nonlinear behavior in hysteretic systems. According to this model, a hysteretic system contains a collection of simple bistable units which are characterized by an internal field and a coercive field. This set of bistable units exhibits a statistical distribution that depends on these fields as parameters. Thus, nonlinear response depends on the specific distribution function associated with the material. This model is satisfactorily used in this work to describe the temperature-dependent ferroelectric response in PZT-and KNN-based piezoceramics. A distribution function expanded in Maclaurin series considering only the first terms in the internal field and the coercive field is proposed. Changes in coefficient relations of a single distribution function allow us to explain the complex temperature dependence of hard piezoceramic behavior. A similar analysis based on the same form of the distribution function shows that the KNL-NTS properties soften around its orthorhombic to tetragonal phase transition.
Introduction
Piezoelectric materials are used in a broad range of applications including, for instance, sonars, ultrasonic cleaners, buzzers, accelerometers, transformers, ultra-precision positioners and ultrasonic motors. The most widely used piezoelectric materials are lead-based ferroelectric ceramics. Piezoelectric ceramics based on lead zirconate titanate system, Pb(Zr,Ti)O 3 (PZT), currently dominate the market of piezoceramic applications due to their excellent functional properties [1] . However, since PZT materials contain more than 60 wt.% lead, they pose a potential ecological hazard. Given the need for environmental protection, lead-free piezoelectric ceramics are receiving great attention as environmentally friendly materials [2] . In particular, much attention has been paid to (K,Na)NbO 3 (KNN) ceramic systems because of their relatively strong piezoelectric properties and high Curie temperature [3] .
Compositional modifications by doping are extensively used to tune functional properties of piezoceramics for specific applications. Thus, piezoceramics are classified into two main groups, hard and soft, according to their improved properties [1] . For instance, soft piezoceramics exhibit high piezoelectric constants but high losses, while hard piezoceramics display low losses and a high quality factor, but low piezoelectric constants. Hard PZT is obtained through acceptor (hardener) substitutions, whereas soft PZT is obtained by means of donor (softener) substitutions, e.g. the substitution of Zr properties are different but also their behavior (i.e. the property-dependence with temperature [4] , electric field [5] and/or mechanical stress [6] are notably different for hard and soft piezoceramics). Compositional engineering has also been the key to obtain what is probably the most workable lead-free composition known to date: the (K 0.44 Na 0.52 Li 0.04 )(Nb 0.86 Ta 0.10 Sb 0.04 )O 3 (KNL-NTS) piezoceramic [7] . KNL-NTS obtained by conventional processing exhibits a good longitudinal piezoelectric coefficient (>250 pC/N) and high Curie temperature (250 ºC). This material has a typical soft behavior exemplified by high dielectric losses, low quality factor, 
3
'square' hysteresis loop, and properties strongly dependent on the applied electric field and/or mechanical stress [8] .
Piezoelectric devices are required to work in various environments. As a consequence, knowledge of the material properties under the specific working conditions is crucial for the design of piezoelectric devices. Most notably, this includes the temperature of piezoelectric devices during operation, which can range from hot, as in combustion engines, to very cold, as those occurring in aerospace applications. The temperature variation of the properties of the piezoceramics reveals that the material properties, and consequently the performance of the devices at the working environment, can differ significantly from those at ambient temperature.
From this perspective, understanding and modeling the temperature dependence of functional properties of piezoceramics is an important question that must be solved in order to improve the design of piezoelectric devices. The Preisach model is used in this work in order to model the thermal evolution of the extrinsic response behavior of PZT (lead-based) and KNN (lead-free) piezoceramic compositions at sub-switching regime.
Theoretical considerations
The Preisach model is a classical method for describing nonlinear behavior in hysteretic systems and has been used satisfactorily in ferroelectrics [9] [10] [11] [12] . According to this model, a hysteretic system contains a collection of simple bistable units ( Fig. 1(a) Fig. 1(b) Fig. 1(b) E is the amplitude of the applied alternative electric field, then according to whether the applied field increases ( Fig. 1(c) ) or decreases ( Fig. 1(d) ), the bistable units inside the grey triangular regions of Preisach plane contributing to the total response switch to their opposite state [13] . 
which is
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Eq.
(1) corresponds to the descending branch of the loop ( Fig. 1(c) ), where the bistable units change from a positive to a negative state of polarization. Eq. (2) is the ascending branch ( Fig (1) and (2) because the extreme values of each loop branch must coincide. In addition, it is also useful to centre the hysteresis loops.
The hysteretic nonlinear response can be rewritten as the sum of two terms that embody the two branches of the loop:
The simplest Preisach model development corresponds to a flat uniform distribution
 . The branches of the sub-switching hysteresis loop can be obtained by substituting this distribution function in the Eqs. (1) and (2) . Solving the integrals and evaluating Eqs. (5) and (6), we obtain NL D in the form given by Eq. (4):
Eq. (7) matches the Rayleigh law for describing the nonlinear sub-switching ferroelectric response [14] . This empirical model is widely accepted in the literature for describing the nonlinear behavior of soft piezoceramics [15] [16] [17] . It has recently been shown that soft PZT response can be described by the Rayleigh model over a wide range of temperatures [18] . Therefore, the temperature-dependent ferroelectric response of soft piezoceramics at the sub-switching regime could be described by using the Preisach model with a flat distribution function in which 0 g depends on the temperature,
Hard piezoceramics, on the other hand, show a different and more complex behavior. The main observable characteristic of these types of materials is that the major hysteresis loop appears pinched, which leads to a drastic decrease in the remanent polarization [19] . Hard PZT behavior has been described in the literature by using the Preisach model with a fourth order polynomial distribution function, symmetric in terms of i E , combined with a cut-off at high coercive fields. However, the same reference discusses how a more realistic distribution may be obtained by two superimposed Gaussians, symmetrical with respect to i E [9] . More general distribution functions, based in the shape of major hysteresis loop and its evolution under external actions (e.g. mechanical stress), have been proposed by other authors [20] [21] [22] [23] . In all instances, when the applied electric fields are sufficiently below the coercive field (i.e. subswitching regime), the distribution function may be expanded in a Maclaurin series [13] considering only the first terms in i E and C E . Taking into account the temperature dependence of the ferroelectric response, it is possible to assume a temperature dependence of the function coefficients:
It should be noted that although a flat distribution may describe the soft piezoceramic behavior, the function distribution given in Eq. (8) 
D P g E E 
, for which a linear dependence is revealed. For simplicity, we can rewrite Eq. (9) as follows:
where
The coefficients 1 a and 3 a depend on the temperature and the amplitude of the electric field.
To analyze the preponderant behavior to material response, it is necessary to compare the contribution of both terms in Eq. (10). The coefficients 1 a and 3 a cannot be compared numerically because they are different physical magnitudes. However, we can define a threshold
as the value for which both cubic and linear terms contribute equally to material response. If the applied electric field is higher than the threshold field ( Nonlinear measurements were performed in a closed-loop cryostat over a wide temperature range using a capacitance comparator bridge specially designed for this type of measurement [24] . A sinusoidal electric field of 1 kHz frequency is applied to the samples. The 
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4 Results and discussion Fig. 2 shows the nonlinear sub-switching hysteresis loop of soft ( Fig. 2(a) ) and hard ( Fig. 2(b) )
PZT-based piezoceramics
PZT for an amplitude of the applied electric field of 0.6 kV/mm at room temperature. The function ( ) D E that represents the non-dissipative contribution is also plotted for both materials. The insets show the dissipative contribution D  as a function of the instantaneous value of the electric field. Remarkable differences are displayed when the behavior of both materials are compared. A Rayleigh-type sub-switching hysteresis loop that can be described by Eq. (7) -print (i.e. final draft post-refereeing) 
This is the post
KNN-based piezoceramics
The threshold field, th E , is also calculated for KNL-NTS piezoceramics over a wide temperature range and is shown in Fig. 4 . As can be observed, th E is higher than 0 E for all temperatures, which indicates a linear behavior for ( ) D E function. Hence, soft-type behavior is revealed for this compound at any temperature in the testing range. -print (i.e. final draft post-refereeing) tetragonal phase transition near to room temperature [8] . Therefore, the ferroelectric-toferroelectric phase transition seems to soften the material response.
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Conclusions
The Preisach model has been satisfactorily used to describe the temperature dependence of ferroelectric response of piezoceramics at sub-switching regime. A simple distribution function based on the Maclaurin series expansion is used to model both soft and hard behaviors. The model fits with the experimental measurements by using the same form of the distribution function, which accounts for the different observed behaviors. Temperature-dependent coefficients are taken into consideration in order to evaluate the ferroelectric response of the studied materials over a wide temperature range. Soft-type behavior is confirmed for soft PZT for all temperatures, while a transition from soft-to hard-type behavior is detected for hard PZT at 275 K. This transition seems to be associated to a change in dynamics of the domain wall motion. The same distribution function is used to model the temperature dependence of ferroelectric behavior of the KNL-NTS piezoceramic. It is revealed for the first time that this material exhibits a soft-type behavior across all the temperature range. The Preisach approach shows that the material properties soften near a ferroelectric-to-ferroelectric phase transition.
This outcome could be significant for designing new materials for specific applications, e.g.
when very high values of dielectric constant and/or piezoelectric coefficient are necessary, and when the possible high losses and properties instability do not affect device operation. 
